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FOREWORD
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No. D6070 titled, Y"Fatigue Behavior of Graphite/Glass/Epoxy Com-
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SECTION I
1.0 INTRODUCTION

The advanced composite materials possess characteristics

of stiffness and strength which are most desirable for advanced
naval aircraft, Glass composite materials, on the other hand,
possess the equally desirable characteristic of low cost. The
appropriate combination of these many features can be obtained

by a suitable blending of the two or more composite materials;

~ Technically, the blending of two or more fiber types in a
iaminate9 can be achieved by (1) mixing the fibers in the tow or :
roving, (2) intra-ply mixing of glass rovings with graphite tows
or, (3) interleaving orlinterply mixing of two separate fibrous
prepreg systems or any combination of the above. There are
'additional economic advantages to the third approach where pre-
preg tapes with a common resin system are prepared for two sepa-
rate fibers: glass and graphite. For this reason the third
approach was selected for some further study particularly with
regard to the fatigue performance and its relative behavior to

prior studies of the separate composites.

The specific objective of the program was to utilize a
commercially available glass and a commerically available high
strength and high modulus graphite with a common epoxy matrix to
maximize the technical perfdrmance of the hybrid composite in

fatigue applications.

The low costs of the glass/epoxy prepreg system compared
to the graphite/epoxy prepreg system make this combination attrac-
tive. The graphite/glass/epoxy system, if successful, could be
applied to a variety of Naval Aircraft primary structural com-

ponents, skins, fuselage, etc, The material will provide both
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low cost coupled with high fatigue performance.* Future hYbrid
composites could be prepared from one of the three approaches.

One of the results of this program has been the determination
that hybrids perform better both statically and in fatigue, when
‘the separate fiber cdmponents are blended throughoutvthe laminate.
The cﬁrrent study also showed that the range of glass: graphite
ratios where hybrids perform'well may be restricted to a zone of

approximately 0.5 to 2.0.

 An open literature and company product availability search
" resulted in the selection of TR 286 epoxy fesin, Modmor II Graph-
ite and S-Glass as the ternary system constituents for major part
of the prdgfam. .An additional study of modulus degradation due

to stress cycling Was'performed using HMS graphite instead of the
HTS variety. Three fiber volume percent ratios were chosen in

~ studying tensile properties, fatigue lives, crack propagation and

modulus degradation of graphite/glass/epoxy hybrid composites.

% It has been well established in previous programs for NASC
that graphite/epoxy and boron/epoxy composites possess excep-
tional fatigue performances (Ref. 3)

IIT RESEARCH INSTITUTE
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SECTION II
2.0 TEST PROGRAM

The program consisted of the following task work areas:

2.1 Task Area I: Review of State of Art of Mixed Fiber and Mixed

Ply (laminate) advanced Composites

The literature of mixed fiber composite systems is not
extensive., The most ¢omprehensive work is that of Evensen(z).
vThe rule of mixtures and ternary diagrams utilized by Evensen
were reviewed and were utilized in the development of this program.
The review of the above work along with others of which a summary

is presented as the Appendix B to this report.

2.2 Task Area II: Static Testing Program

The static testing program is delineated briefly in Table I.
The principal properties of the mixed fiber composites were deter-
mined in the 0° and 90° tension modes. In‘pléne shear tests were
also conducted, Finally an off-axis laminate 0° + 45° with graph-
ite and glass fibers wére tested to check the validity of the
analyticél prediction methods for the mixed fiber composite

materials,

2.3 Task Area III: Tensile Fatigue Program

A tension fatigue program were conducted as shown in
Table II. The materials and specimens were prepared similar to

those prepared for the static test program.

2.4 Task Area IV: Shear Fatigue Program

A cantilever shear fatigue program were performed as shown
in Table ITI. The stress ratio of -1 (fully reversed loading)
was used and the specimens were removed prior to failure and

inspected microscopically for cracking and crack propagation.

11T RESEARCH INSTITUTE
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Table 1

STATIC TEST PROGRAM

Ratio of Graphite NUMBER OF SPECIMENS REQUIRED

To Glass by 0° 90° T 45°  0° % 45°
Volume Tension Tension Shear Tension
(v/v) Tests Tests Tests Tests
1:1 3 3 3 3
2:1 , 3 3 3 3
3:1 ‘ 3 3 3 3

~ta
"~

Modmor II Graphite and S-Glass with PR-286
resin system

2-2




Table II

TENSION FATIGUE PROGRAM

*
Ratio of Graphite NUMBER OF SPECIMENS REQUIRED
To Glass by 0° 0° + 45°
Volume Fatigue Fatlgue
(v/v) Tests Tests
1:1 5 5
2:1 5 5

3:1 5 5

Modmor II Graphite and S-Glass with PR286
resin system

2-3




Table III

SHEAR FATIGUE PROGRAM

‘} .
Ratio of Graphi.ter NUMBER OF SPECIMENS REQUIRED
To Glass by + 45° 0° + 45°
Volume Fatigue Fatigue
(v/v) Tests Tests

1:1 5 5

2:1 5 5

3:1 5 5

w
Modmor IT Graphite and S-Glass with PR 286
resin system

2-4




2.5 Task Area V: Modulus Degradation due to Fatigue

Table IV presents the program that was conducted to study
the effect of fatigue stress cycling on tensile modulus of uni-
directional composite specimens., In these tests, HMS graphite,
S-Glass with PR 286 resin in prepreg form were used for the test
specimens. As shown in Table IV, a set of specimens of PR 286/
Modmor iI/S-Glass (0° + 45° fiber orientation) were‘also tested
after‘subjecting them to about 2 x 100 fatigue stress cycles each

(R = 0.1) to observe modulus degradation.
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SECTION III
3.0 MATERTAL PROCUREMENT AND SPECIMEN FABRICATION

The materials selected for the hybrid composite were a

high tensile strength graphite fiber, a high strength glass fiber
~and an epoxy resin, The graphite fiber selected after reviewing
‘the literature and an examination of prior experience and data
from previous NASC contracts was the Morganite Modmor II HTS
fiber. The giass fiber selected oh a similar basis was S-Glass
roving with the 901 finish. The epoxy resin.system was PR 286,

a product of the 3M Company. For the modulus degradation study,

RbdmorvII graphite was replaced by HMS graphite.

The materials were utilized in the form of three inch wide

prepreg tapes which were stacked appropfiately in interply fash-
ion to form the hybrid composites. The panels were subsequently
partitioned into sub-panels, blanked and tabbed where necessary

as required and cut into individual specimens.

Fig. 1 shows the ternary representation of the PR 286/
Modmor II graphite/S-Glass composite systems with three different
volume fractions. The volumetric content of resin was held close

to 40 percent with graphite/glass ratios of 1:1, 2:1 and 3:1.

3.1 Specimen Fabrication

The laminates were prepared using conventional low-pressure
autoclave processes. The lay-up, cure cycle and specimen fabri-

cation are briefly described below.

3.1.1 Layup Procedure

The green (uncured) prepreg layup was prepared with the
desired number and orientation of plies. It was placed on a caul
plate coated with a release agent.‘ A TX-1040 release ply was
placed over the prepreg. The bleeder plies were then added in
the ratio of one ply per two plies of prepreg tapes. The entire

IIT RESEARCH INSTITUTE
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Fig. 1 TERNARY DIAGRAM REPRESENTING THREE DIFFERENT VOLUME
FRACTIONS FOR PR286/MODMOR I1 GRAPHITE/S GLASS COMPOSITE

3-2




layup was covered with plastic film (Mylar) and pinholes were
made in the corners to permit gases to escape. The entire assem-

bly was then taped into position to prevent movement.

» An upper caul plate was then added to the stack. ‘The
entire layup was further covered with one layer of Style 181 glass
fabric and finally with a capran vacuum bag.. Vacuum was applied
and maintained untii"the autoelave reached 250°F., after which

the vacuum line was bled to the atmosphere.

:Aftef insertion_of'the stack into the cold autoclave, 85
to 90 psi pfessure was applied. Then the temperature was apﬁlied
at a rate of rise of approx1mately 6 °F/minute to the cure tempera-
ture of 350°F. This temperature was maintained for two hours,
after which the system was cooled to 150°F. Cured laminates were
then blanked, tabbed (where necessary) and cut into individual

Spec1mens.

Table V presents the details of each tYpe.of laminate
fabricated‘and includes test specimen types, fiber orientations,
volumetric ratios of graphite to glass, number of plies and ply

arrangements.-

3.1.2 Test Specimens
For the static tensile tests and tension fatigue programs,

9 in. long IITRI type tab ended specimens were used, The stress
strain curves were obtained from electrical resistance foil strain

gages mounted at the center of the specimen gage section.

For the shear fatigue tests, thick 2 in. x 3/4" cantllever
beam specimens (See Fig. 2) made of the required number of plies
were used with an effective span of 1/2 in. The tests were con-

ducted in the fully reversed mode (R = -1),

11T RESEARCH INSTITUTE
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Two concepts of mixed ply ternary composite systems were
examined by fabricating them and éonducting preliminary tests.
Fig. 3 presents photomicrographs of the two systems which were
(1) Uniformly distributed Interply Hybrid Concept and (2) a Core-
She11 intérp1y’concept. After some preliminary work the former
system wasvselected fot further‘study; The reasons for the

choice are described in the next section.
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SECTION IV
4,0 TEST RESULTS

4.1 Static Test Program

Table VI presents a summary of the static tension test data
of PR-286/Modmor II Graphite/S-Glass materials for three different
graphite to glass fiber volumetric ratios (1:1, 2:1 and 3:1) in
0° fiber orientation. The individual stress strain (longitudinal
and transverse) curves for each specimen are presented in the
Appendix A (Figs. A-1 through A-9). Fig. &4 shows a summary of
stress-strain (longitudinal) behavior in the 0° orientation for
the three'volumetfic ratios along with similar data for S-Glass

and Modmor II Graphite composites with epoxy resin.

Hybrid composites demonstrate a distinct improvement in
stiffness achieved by replacement of glass fiber volume with
graphite (about 75 percent at 1:1 ratio). However, it is also
obvious that the strain capability of the hybrid composite is
significantly lower than the glass fiber composite. Even with
1:1 graphite/glass ratio, the ultimate strain of the mixed fiber
composite stays close to that of pure graphite composite (about
7 x 103 p-in/in).

Tables VII and VIII and Figs. 5 and.6 show a summary of
the static tension test data of PR 286/Modmor II Graphite/S-Glass
Materials for three different graphite to glass fiber volumetric
ratios (1:1, 2:1 and 3:1) in 90° and 0° + 45° fiber orientations
respectively. Additional 0° Graphite plies are necessary to
iﬁcrease the stiffness of glass/graphite 0° + 45° hybrids where
the 45° plies are all glass (See Table VIII). On the other hand
additional graphite plies appear to decrease the transverse
modulus of unidirectional hybrid composites. Table IX shows the

summary of static test data for + 45° PR 286 /Modmor II Graphite/

IIT RESEARCH INSTITUTE
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S-Glass hybrids for three different graphite to glass fiber

volumetric ratios (1:1, 2:1 and 3:1).

4,2 Tensile Fatigue Program

Fig. 7 shows a comparison of the fatigue performance of 0°
PR 286/Modmor II Graphite/S-Glass composites at three graphite to
glass fiber volumetric ratios (L:1, 2:1 and 3:1). Also shown in
the figure are the general typical graphite/epoxy S-N curve for
0° fiBer orientationvand the rangé of 0° glass/epoxy fatigue life
curves (shaded area representing the range with the average curve
drawn in the middle). A substantial improvement in the fatigue
lives of hjbrid composites over the glass-epoxy life range 1is

evident. The improvement is less significant beyond the graphite

“to glass fiber volumetric ratio of 151 which can be seen from

graphite (1:0) curve and the apparent higher position of 2:1
curve as compared to 3:1., Fig. 8 presents a cbmparison of fatigue
performance of 0° + 45° PR 286/Modmor II graphite/S-glass com-
posite laminates of the three graphite to glass fiber volumetric
ratios (1:1, 2:1 and 3:1). Substantial improvement in fatigue
life can be seen as the graphite fiber volume ratio increases

from 1:1 to 2:1. The improvement from 2:1 to 3:1 appears to be

marginal.

4.3 Shear Fatigue

.Shéar fatigue of hybrid composites was also performed. The
testing was oriented towards a qualitative assessment of the hybrid
composite in its resistance to microscopic crack development and
propagation. In earlier NASC sponsored work, extensive crack
propagation studies of binary advanced composite systems were
carried out. These studies on the mode of fatigue failure and
its progress for the separate composites were utilized in the

analysis of the progress of fatigue failure in the current hybrid

I'T RESEARCH INSTITUTE
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composite study. It was originally hoped that the high strain
capability of the glass phase of the hybrid would attenuate the

rapid progress of hybrid fatigue crack propagation.

In a preliminary effort, a 32 ply ternary composite
(graphite/glass = 1:1) was prepared in two different ways. (See
Fig. 3 in Section 3). The first way utilized the core-shell con-
cept in which 16 plies of glass prepregs were covered on either
side with 8 plies of Modmor II graphite prepreg. The second
hybrid was prepared using uniformly distributed plies of graphite
and glass prepreg. The hybrid stack contained graphite prepreg
on the t0p.and the bottom. Under static loading both hybrids
showed an interlaminar shear strength of about 5 ksi. But the
mode of failure and cracking appeared to be different. 1In the
core-shell type hybrid with the glass plies in the middle, severe
interlaminar separation between the glass and graphite strata were
the dominant feature with some graphite cracking and some inter-
laminar separation in the glass core, (See Figs 9a and 10). The
uniformly distributed hybrid material consistently showed the
cracking to be more evenly distributed throughout the composite
although the glass plies did show less cracking due to their high
strain capability. (See Figs 9b and 11). On the basis of these

tests, further work was performed on the uniformly distributed

graphite/glass hybrids only.

Tables X and XI show a detailed listing of + 45° and 0°
+ 45° PR 286/Modmor II graphite/S-glass uniformly distributed
hybrid composites which were studied microscopically after various
shear fatigue stress cycles, Table XII presents a similar listing
for + 45° core-shell hybrids., Figs. 12 through 18 represent
typical photomicrographs showing the extent of damage and cracking

due to fatigue stress cyclic loadings.

1T RESEARCH INSTITUTE
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(a) MAGNIFICATION 8X

16 S-GLASS PLIES PLACED IN THE MIDDLE WITH
8 PLIES OF GRAPHITE COVERING

(b) MAGNIFICATION 8X
S-GLASS AND GRAPHITE PLIES ALTERNATELY PLACED

Fig. 9 PHOTOMICROGRAPHS OF 32 PLY + 45° PR 286/MODMOR II
GRAPHITE/S GLASS COMPOSITE (1:1) FAILED UNDER
STATIC LOADING
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Fig. 12 PHOTOMICROGRAPH OF LONGITUDINAL SECTION OF 0 + 45° PR-286/
MODMOR II GRAPHITE/S-GLASS (1:1) COMPOSITE CONTILEVER BEAM
SPECIMEN AFTER BEING SUBJECTED TO 5 x 105 SHEAR FATIGUE
STRESS CYCLES (MAX. + 2 KSI, R= -1)

Fig.13 PHOTOMICROGRAPH OF LONGITUDINAL SECTION OF O + 45° PR-286/
MODMOR II GRAPHITE/S-GLASS (1:1) COMPOSITE CONTILEVER BEAM
SPECIMEN AFTER BEING SUBJECTED TO 5 x 105 SHEAR FATIGUE
STRESS CYCLES (MAX. + 2 KSI, R = -1)
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Fig.14 PHOTOMICROGRAPH OF LONGITUDINAL SECTION OF + 45° PR-286/
MODMOR II GRAPHITE/S-GLASS (2:1) COMPOSITE CANTILEVER BEAM
SPECIMEN AFTER BEING SUBJECTED TO 10° SHEAR FATIGUE STRESS
CYCLES (MAX. + 2 KSI, R = -1)

45 §-2-2 100X

Fig. 15 PHOTOMICROGRAPH OF LONGITUDINAL SECTION OF + 45° PR-286/
MODMOR II GRAPHITE/S-GLASS (2:1) COMPOSITE CANTILEVER BEAM
SPECIMEN AFTER BEING SUBJECTED TO 10~ SHEAR FATIGUE STRESS
CYCLES (MAX. + 2 KSI, R = -1)
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Fig. 16 PHOTOMICROGRAPH OF LONGITUDINAL SECTION OF + 45° PR-286/
MODMOR II GRAPHITE/S-GLASS (2:1) COMPOSITE CANTILEVER BEAM
SPECIMEN AFTER BEING SUBJECTED TO 105 SHEAR FATIGUE
STRESS CYCLES (MAX., + 2 KSI, R = -1)




Fig. 17 PHOTOMICROGRAPH OF LONGITUDINAL SECTION OF + 45° PR-286/
MODMOR II GRAPHITE/S-GLASS (3:1) COMPOSITE CANTILEVER BEAM
SPECIMEN AFTER BEING SUBJECTED TO lO4 SHEAR FATIGUE STRESS

CYCLES (MAX. + 2 KSI, R= -1)

45 §-3-1 100X

Fig. 18 PHOTOMICROGRAPH OF LONGITUDINAL SECTION OF + 45° PR-286/
MODMOR II GRAPHITE/S-GLASS (3:1) COMPOSITE CANTILEVER BEAM
SPECIMEN AFTER BEING SUBJECTED TO 10% SHEAR FATIGUE STRESS
CYCLES (MAX. + 2 KSI, R= -1)

4-22
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All the specimens were subjected to various number of
fatigue stress cycles with an alternating maximum stress of 2 ksi
with a stress ratio of R = -1 (Tension-Compression - Tension).
The specimens were removed from the testing machine, prior to
failure, after various numbers of stress cycles (from 104 cycles
to 5 x 10° cycles), and sectioned longitudinally, They were then

mounted and polished for microscopic study.

The + 45° core-shell hybrids (shown in Table X1I) fabricated
with graphite/glass fiber volumetric ratio of 1:1 shows poor fatigue
capability compared to the uniformly distributed + 45° hybrids,
This correlétes with the earlier findings (figures 9 through 11)
for statically tested hybrids. The glass plies,'with high strain
capability, appear to provide some resistance to overall crack
prOpagatibn in the hybrid. Comparison of Tables X and XI shows
that there were some unintentional failures of + 45° specimens
while the 0° + 45° hybrids successfully survived the number of
cycleé. This was obviously due to the presence of 0° plies in
the latter specimens. Both these were uniformly distributed
hybrid specimens. In addition, there were practically no cracks
found in the 0° + 45° specimens even though the specimens were
subjected to similar cyclic stresses. 1In fact Figs. 12 and 13
are similar to photomicrographs of specimens taken after 5 x 10°

cycles + 2.0 ksi,

Study of Figures 14 through 18 show the effectiveness of
the presence of S-glass fibers. Hybrids with graphite/glass fiber
volumetric ratio of 1:1 show hardly any cracking. When the glass
fiber volume was reduced to 33% of the total fiber volume (2:1
graphite/glass hybrids), cracking becomes very evident at 10°
cycles (figures 14, 15 and 16), When the glass fiber volume is
reduced to 25% of the total fiber volume (3:1 graphite/glass

IIT RESEARCH INSTITUTE
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hybrids), the cracking is very extensive even at 10% cycles

(Figures 17 and 18) almost to failure.

4.4 Modulus Degradation due to Fatigue Stress Cycling

HMS graphite was chosen in place of Modmor II graphite to
study degradation of unidirectional hybrid modulus with stress
cycling;’ The same resin system, PR 286, as well as S-glass were
retained. ﬁnidirectiqna1,(O°)'graphité composites were employed
as the control or baseline data point for this series of tests.
‘Hybrids were 1imited tb one ratio of graphite/glass fiber volume,
'1 to 1, 1In addition modulus degradation of 0° + 45° Modmor
II/S glass hybrids for all the three fiber volumetric ratios was

under taken.

Table XIII and XIV show 0° PR 286/HMS graphite and 0° PR 286/
HMS graphlte/S glass hybrids respectlvely prior to and after 2 x
10° stress cycles. The maximum stress (R = 0.1) per cycle ranged
from 45 to 53 ksi representing 58 to 69 percent of the ultimate
tensile strength in the case of HMS Graphite/epoxy and 37 to 43
percent in the case of the graphite/glass/epoxy hybrids.

It can be seen from these tables that the residual ultimate
tensile strength dropped by about 7% for the 0° HMS graphite com-
posite after stress cycling whereas the drop is about 27% for the
0° hybrid’éomposite after stress cycling. However, there appears
to be no significant degradation in modulus in either case. But
the ultimate strain capability of the hybrid appears to be reduced
by 287% due to stress cycling whereas there is no such change in

the HMS'graphite composite.

It is interesting to note that the fatigue life 5-N curve
for the 1:1 unidirectional PR 286 /HMS graphite/S-glass hybrid
falls close to that of the unidirectional PR 286/graphite (See
Fig. 19). Recall that the 0° (1:1) PR 286/Modmor II graphite/

S-glass hybrid fatigue performance was significantly lower than
I'T RESEARCH INSTITUTE
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the corresponding graphite/epoxy composite.

Table XV shows the compiled data for the 0° + 45° PR 286/
Modmor II graphite/S-Glass hybrids prior to and after stress
'cycllng (between 2 x. 106 to 2,5 x 106 cycles, R = 0.1). The maxi-
mum stresses per cycle were 70 ksi (or 67% ult) forhgraphite/
glass f1ber volume ratlo 1 1, 90 to 93 ksi (or about 78% ult)

for 2: 1 spe01mens and 142 k31 (or 100% ult) for 3:1 specimens.

, The data 1nd1cate that there is no 31gn1f1cant reduction
in ultlmate ten51le strength of 0° * 45° hybrid (Modmor II) com-
posites due to stress cycllng. It also appears that’ the modulus
is unaffected and that there is no s1gn1f1cant change in ultlmate

strain capablllty due to stress cycllng.
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SECTION V
5.0 CONCLUSIONS AND RECOMMENDATTIONS

The following conclusions are drawn as a result of this

study:

1. From the study of static and fatigue tests conducted
on selected graphite/glass/epoxy hybrid composites and from the
review of existing 1iterature, it is concluded that hybrid com-
posites‘perfOfm génerally satisfactorally in fatigue and will
surviveArigorOué stress cycling. '

2., Of the two systems examined, namely uniformly »
distributed interply hybrids and core shell hybrids, the first
appears to provide a better mechanicaliperformance. The alterna-
tion of S-glass plies providing high strain capability with the
higher'stiffness_contributed by the graphite fiber achievés a
more integral hybfidﬁComposite.‘ Under static loads the evenly
distributed cracks indicate better load distribution. In the
core—shell,hYbrids, a severe modulus mismatch at the interface
between’the glass core and the graphite shell creates high inter-
laminar shear stresses thus promoting early failures, 1In fatigue
the sudden and often early failures indicated a general lack of

integrity in core-shell hybrids.

3. Static tensile tests of 0° PR 286/Modmor II graphite/
S-glass specimens indicate substantially the effectiveness in the
use of the rule of mixtures to predict elastic moduli of the
hybrids. The ultimate strain capability of the hybrids is limited
by that of the graphite phase.

4. The 0° + 45° PR 286/Modmor II graphite/S-Glass hybrids
behave statically similar to the unidirectional hybrids. The 90°

behavior cannot be predicted strictly from a rule of mixtures.

IIT RESEARCH INSTITUTE
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5. The fatigue resistance of 0° PR 286/Modmor II Graphite/
S-glass hybrid remains substantial even when 50 percent of the
fiber volume consists of glass. The loss of hybrid composite
fatigue 1life due to 50% replacement of graphite fibers by glass
is relatively small when the cost savings that can be achieved
are considered. This conclusion is also applicable to 0° + 45°

fiber orientation hybrids.

6. The superiority of uniformly distributed hybrids over
core-shell hybrids also became evident in fatigue properties. The

+ 45° (1:1) core-shell hybrids showed very poor fatigue capability.

7. The effectiveness of high strain capability S-Glass in
uniformly distributed graphite/glass interply hybrids was demon-
strated by microscopic study. Thus the off-axis laminates (0° +
45°) clearly perform better in fatigue as the glass fiber volume
percent increases. At 50 V% glass no fatigue cracks are evident
at 2 x 106 cycles; at 33 V% glass, fatigue cracks first appear at
109 cycles and finally at 25 V% glass, fatigue cracks are evident,

even at 104 cycles.

8. The fatigue life of 0° HMS graphite/S-glass is not sub-
stantially reduced with the addition of S-glass whereas in the
case of 0° HTS Graphite/S-glass composites, a greater reduction

is encountered.

9., Static residual ultimate tensile strength tests on
unidirectional high modulus graphite/S-glass hybrids suggest that
while there is some reduction in strength and ultimate strain
capability of hybrids as compared to graphite glass composites
due to fatigue stress cycling, the moduli remain essentially the

same,

11T RESEARCH [INSTITUTE
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10, It appears that there is very little reduction in

residual ultimate tensile strength and strain or modulus of 0° *

45° Modmor II graphite/S-glass hybrids due to fatigue stress

cycling.

The following recommendations for future study are made on

the basis of the above conclusions:

1.

With the feasibility of hybrid composites using
graphite and glass plies with a common resin system
clearly established, further work is required to

form a design data base.

Further investigation of the mechanisms which account
for the differences in fatigue behavior of HMS and

HTS graphite hybrid composites with glass is needed.

The present study was concerned primarily with the
tensile fatigue (R=0.1) behavior of hybrid composites.
Tt is also necessary to investigate their behavior

under fully reversed (R=-1) cyclic loading.

The work in the present investigation was related to
interply hybrids. It is important to examine whether
the conclusions arrived at from the tests can also be
extended to intraply hybrid composites, using a mix-

ture of two fibers in a single ply.

Quasi-isotropic hybrid laminates should be investigated
because of their importance to general structural com-

ponents.
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APPENDIX B
B.0 REVIEW OF STATE OF ART OF MIXED FIBER COMPOSITES

Hybrid or mixed fiber composites will be used to improve
the economics of advanced composite materials for application to
Naval Aircraft structural components. This review is intended
to present some of the past efforts to'pfepére and test hybrid

comPOSites.

B.1l Preparatlon of the Hybrid Comp051tes

Prevlous studies (See Ref, 1) have concentrated on the
hybridlzatlon of boron fiber and HTS Graphite tow. Evensen (Ref. 1)
pointed out that three methods of mixing graphite and boron were
avallable. 1) graphite tows drum-wound over boron/epoxy prepreg,
2) boron fibers drum-wound over graphite prepreg or 3) interply
stacking of boron/epoxy and graphite/epoxy prepregs. For glass
rovings/graphife tows/epoxy hybrids a fourth method is available:
4) mixing of the separate graphite and glass fibers and subseQuent
impregnation of the mixed system. Finally a fifth method is avail-
able for intraply mixing: 5) drum winding of alternate fibrous

materials followed by impregnation of the fibers,

Pinckney (Ref. 2) prepared S-Glass/graphite hybrids by the
interléaving of S-Glass/Epoxy and graphite epbxy prepreg (method
3 above). The particular interply process studied was: 3a) a
core-shell concept wherein a symetric laminate is prepared with a
core of one prepreg material and the top and bottom outer shells
of another preprég material._ In the current IITRI program we
looked at an alternative method: 3b) of uniformly distributed

interply hybridization.
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B.2 Testing'of Hybrid Composites

Static testing of hybrid composites was accomplished by
Evensen(l), Chamis(s) and Pinckney(z). Creep testing of hybrid
composites was performed by Pinckney(z) and impact testing by
Chamis(s). - Some fatigue testing was also performed by Pinckney(z).
Other investigations are currently underway to establish the static
and fatigue properties of hybrids, but most of this work is not

now in the open literature,

Evensen(l) has presented analytical procedures for dealing
with thewmechanical properties of hybrids. These have largely
been supplanted by more sophisticated means of analysis which

have!also not yet reached the open literature.
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